Stereoscopic depth discrimination thresholds increase with retinal eccentricity and distance from the horopter. However, in contrast to spatial resolution, the effects of spatial frequency on stereothresholds in the periphery are unknown. For spatial vision, it is generally assumed that the retina is comprised of a series of overlapping spatial filter mechanisms and that there is a commensurate increase in spatial scale as a function of retinal eccentricity. If the same holds true for mechanisms sensitive to stereoscopic depth, then stereo-thresholds for low spatial frequency stereoscopic stimuli may remain relatively invariant across the visual field, while thresholds for relatively high spatial frequency stimuli would increase. To further understand the role of the disparity sensitive mechanisms involved in depth discrimination, increment depth discrimination thresholds for both crossed and uncrossed disparities were measured as a function of eccentricity for retinal locations up to 10.0 deg along the horizontal meridian. We found that stereoscopic depth discrimination thresholds, as a function of distance from the horopter, increased in an exponential manner irrespective of spatial frequency. Stereo-thresholds also increased as a function of retinal eccentricity, however, the rate of increase depended on the spatial frequency composition of the stimuli. Best stereo-thresholds for stimuli composed of low spatial frequencies remained relatively invariant for retinal eccentricities up to 10.0 deg, while thresholds for the high spatial frequency stimuli increased with eccentricity.
INTRODUCTION
Early studies of stereopsis as a function of retinal eccentricity compared the depth of stereoscopic targets imaged at various peripheral retinal locations with foveal targets (Wright, 1951; Ogle, 1953; Rady & Ishak, 1955; Shipley & Popp, 1972) , thereby confounding the effects of retinal eccentricity with target separation. More recent studies have avoided this complication by studying relative stereoscopic depth discrimination of adjacent targets as a function of their distance from the fovea (Rawlings & Shipley, 1969; Blakemore, 1970; Fendick & Westheimer, 1983; Westheimer & Truong, 1988) . In addition, a fact not always appreciated in studies of stereopsis and the periphery (e.g. Rawlings & Shipley, 1969 ) is that stereopsis is most accurate for stimuli located on the horopter (von Helmholtz, 1962) . A notable exception is the study by Blakemore (1970) , who measured the increment threshold depth discrimination function at a number of retinal eccentricities (along the horizontal meridian), thereby ensuring that his measurements of stereopsis in the periphery were made relative to the horopter. The consensus from the studies above is that the ability to make judgments of relative stereoscopic depth decreases rapidly away from the fovea, more rapidly even, than judgments of resolution acuity (Fendick & Westheimer, 1983) , but similar to judgments of other hyperacuities (Levi, Klein & Aitseboamo, 1985) . Marr and Poggio's (1979) theory of stereoscopic depth processing predicted that the perception of stereoscopic depth would depend on the spatial frequency composition of the stereoscopic stimuli, i.e. the process of stereoscopic depth perception would be related to the size of the underlying disparity coding mechanisms. Their theory arose from the now widely held belief that the visual field is comprised of a series of overlapping spatial (and temporal) filters or mechanisms. A range of such putative mechanisms are thought to exist at each retinal position, but with spatial scale increasing with eccentricity (see DeValois & DeValois, 1990 for a review of this area). Consequently the decrease, as a function of retinal eccentricity, of stereoscopic depth perception observed in the studies above may have occurred as a result of the change in spatial scale with eccentricity. 2329 Schor and Wood (1983) , using stimuli comprised of a discrete range of spatial frequencies (difference-ofGaussian or DOG stimuli), showed that both the lower and upper limits of stereoscopic depth perception decreased as a function of increasing spatial frequency, up to the mid-spatial frequency range, thereby supporting, in part, one prediction of Marr and Poggio's theory. More recent studies have confirmed these results for the lower limit of stereoscopic depth perception (Legge & Gu, 1989; Heckmann & Schor, 1989) . Badcock and Schor (1985) measured stereoscopic depth discrimination thresholds at the fovea for DOG stimuli off the horopter and reported that for pedestal disparities up to about 20 rain arc the slope of the increment depth discrimination function was constant for DOG spatial frequencies above 0.15 c/deg. Assuming that the DOG stimuli were exciting discrete spatial frequency selective disparity mechanisms, Badcock and Schor's (1985) findings suggest that either low or high spatial frequency stimuli may stimulate both the coarse and fine disparity mechanisms suggested by Marr and Poggio (1979) . For pedestal disparities greater than 20 min arc, Badcock and Schor (1985) reported that the slope of the increment depth discrimination function was relatively flat for the high spatial frequency DOG stimuli while becoming steeper for the lower spatial frequency stimuli. However, as we have argued elsewhere (Siderov & Harwerth, 1993b) , caution should be exercised in interpreting their data for pedestal disparities greater than about 20min arc as they may have resulted from measurements of dichoptic width discrimination and not stereoscopic depth perception. In another study, Schor and Badcock (1985) compared vernier and stereo acuity as a function of spatial frequency and retinal eccentricity and found that stereosensitivity was unaffected by retinal eccentricity, irrespective of the spatial frequency composition of the stimuli. However, for their peripheral stereo measurements they did not determine stereosensitivity as a function of distance from the horopter and their range of retinal eccentricities was relatively narrow, extending only to 40rain arc; which may have contributed to their finding that stereosensitivity was unaffected by retinal eccentricity.
In view of the findings of Schor and Wood (1983) , the evidence from monocular studies of form vision and, not withstanding the results of Schor and Badcock (1985) , we hypothesized that the stereoscopic depth threshold signaled by low spatial frequency selective mechanisms would be relatively invariant across retinal eccentricity, while the stereoscopic depth threshold signaled by high spatial frequency selective mechanisms would increase, in a manner similar to previous reports. It was, therefore, the aim of our study to measure the threshold of stereoscopic depth discrimination as a function of retinal eccentricity up to 10deg along the horizontal retinal meridian, and as a function of spatial frequency for stimuli on and off the horopter. An abstract of these results has been published elsewhere (Siderov & Harwerth, 1993c) .
METHODS

Apparatus and stimuli
The stereoscopic stimuli for these experiments were spatially band-limited DOG stimuli. The luminance profiles of the DOG stimuli were produced by subtracting a broad Gaussian profile from a narrower one (Schor & Wood, 1983) . The spatial extent of the negative Gaussian function is 1.5 times greater than the positive Gaussian, but the areas under the two functions are equal so that their net sum is equal to the mean background luminance. In the frequency domain, these stimuli have a constant range of spatial frequencies of 1.75 octaves at half height, centered about a spatial frequency equal to 2.28 times the reciprocal of the width of the bright bar (Schor & Wood, 1983) . We used DOG stimuli whose center spatial frequencies ranged from 0.50 to 8.0 c/deg. The contrast of the DOG pattern was
where Lpeak refers to the maximum luminance of the stimulus and L .... the average luminance of the display. Contrast was held constant at 5 times the contrast detection threshold for each DOG, except at the 5 and 10 deg eccentricities, where the desired contrast of the 8.0 c/deg DOG stimuli exceeded the range of the video monitor. Consequently the contrast of these stimuli at 5 and 10.0 deg ranged from about the contrast detection threshold to 4.8 times the detection threshold, depending on the subject (Table 1 ). The stereoscopic stimuli were generated using a PC based, video haploscope system described in detail elsewhere (Siderov & Harwerth, 1993a) . The stimuli were displayed on a single, high resolution video monitor and subjects, while wearing an electro-optical shutter device, were presented with a flickerless image of the stimuli to each eye. Some intraocular crosstalk may occur with this type of display, however, the fast switching time of the shutters (2.5 msec) reduces the crosstalk at a minimum to a contrast ratio of 100: 1. The crosstalk did not interfere with the stereo-threshold measurements. Increment depth discrimination thresholds were measured for FIGURE 1. Photograph of the video monitor display. Pedestal disparities were produced by introducing pixel offsets in each eye's view of the stimuli. A programmable delay in the sweep for the video image of one eye produced the horizontal disparity seen as an increase in the width of the bottom, test stimulus. With the stereo glasses on, the subjects saw a fused image of both the test and reference stimuli either in front of, behind or at the plane of the screen, depending on the extent of the pedestal disparity, with the test stimulus either in front of or behind the reference, depending on the extent of the delay.
DOG stimuli with peak spatial frequencies of 0.5, 2.0 and 8.0 c/deg, at the fovea and eccentricities of 2.5, 5.0 and 10.0 deg in the left visual field of two subjects. Some data were also obtained for DOG stimuli with peak spatial frequencies of 1.0 and 4.0 c/deg, but only at the fovea and an eccentricity of 2.5 deg. The stimuli were presented in the middle of the screen, one above the other and separated by a narrow gap (Fig. 1) . The test stimulus was always the lower of the two stimuli. The initial gap width and stimulus length were determined in pilot experiments. Once a stable stereo-threshold was reached the gap width and stimulus length were varied (typically doubled) and the stereothreshold re-measured. If the threshold improved with the new stimulus parameters, the increment depth discrimination function was measured under these parameters. The stimulus parameters found to result in the best stereo-thresholds were as follows: for foveal viewing, length of 32.8 min arc and gap width of 16.4 min arc; for the 2.5 and 5.0 deg eccentricities, length of 32.8 min arc and gap width of 32.8 min arc; and for the 10.0 deg eccentricity, length of 65.6 min arc and gap width of 65.6rain arc. Thresholds were obtained at only one eccentricity and spatial frequency at a time, beginning with the fovea and the 2.0 c/deg spatial frequency stimuli. The mean luminance of the display was 46 cd/m2; however, in the open state the transmission of the electro-optical shutters was 30%, reducing the effective luminance of the screen accordingly (Siderov & Harwerth, 1993a) .
Binocular disparity of the test stimulus was produced by a programmable delay of the horizontal sweep for the video image of one eye, whereas pedestal disparities (of the reference stimulus) were produced by introducing pixel offsets in the location of each eye's view of the stimuli. The pedestal disparities used were 0 (at the plane of fixation), 4.8, 10.3, 20.5min arc (and sometimes 40.4 rain arc) in both the crossed and uncrossed directions. The pedestal disparity was quasi-randomly varied between runs, but not between trials. The position of the test stimulus was jittered horizontally, from trial to trial, through a range of 4-15 min arc to deter subjects from using dichoptic width cues that may have been present when the stimuli appeared diplopic; however, the stimuli almost always appeared fused, even under the largest pedestal disparity condition, and as a result, the influence of dichoptic width cues was minimal and subjects based their responses purely on stereoscopic depth perception (McKee, Levi & Bowne, 1990; Siderov & Harwerth, 1993b) .
The visible portion of the video monitor screen subtended 4.9 × 3.9 deg at the 200 cm viewing distance and was surrounded by an opaque mask with approximately the same color and luminance as the video monitor at the mean luminance. Subjects maintained binocular fixation at the plane of the screen by monitoring the relative positions of the images of a pair of vertically aligned, red LEDs, optically projected either onto the center of the screen or onto the surface of the mask. The LEDs, which were flickered in synchrony with the electro-optical shutters, were seen, one by each eye, and served as a pair of nonius dots. Good control of horizontal oculomotor vergence was achieved by asking subjects to fixate between the two nonius dots (separated by 0.5 deg) and to keep them in vertical alignment. For non-foveal testing, the LEDs were imaged onto the surface of the mask and care was taken to position the mask so that it lay in the same plane as the central portion of the monitor screen, where the stimuli were presented. Between trials the luminance of the monitor was reduced to about 1 cd/m 2 to ensure that the nonius dots were clearly visible when they were imaged onto the monitor screen. The change in mean luminance with stimulus onset did not measurably affect our data. We have performed control experiments under the same paradigm using longer exposure durations (up to 1 sec) and without the luminance change and found no difference in thresholds. The ambient laboratory lighting was kept low but the mask surrounding the monitor screen was still visible and provided a binocular fusion lock.
Procedure and data analysis
Subjects were positioned directly in front of the video monitor by means of a chin cup and forehead rest, so that during each trial they were looking straight ahead along the horizontal plane passing through their eyes and the midpoint of the distance between the nonius dots. For non-foveal testing, the video monitor was moved laterally and positioned at the appropriate distance for the eccentricity tested. The video monitor and mask combination was always positioned in the objective fronto-plane, parallel to the observer's fronto-plane. The psychophysical procedure used a single exposure forced-choice paradigm. Stimuli were presented for 150 msec at a self-paced rate by having the subjects press a response button when they were ready to initiate a trial. Subjects were required to discriminate the depth of the test stimulus which appeared in front of or behind the reference stimulus and responded by either releasing (to signal in front) or holding down (to signal behind) on the response button. Auditory feedback was given for correct responses.
Stereoscopic depth discrimination thresholds were determined using a staircase procedure converging onto a 79%-correct performance level (Levitt, 1971) . Four, randomly interleaved staircases were run, two for crossed disparity stimuli and two for uncrossed disparities at each pedestal. The first two reversals were discarded and the mean of at least nine reversals was taken as the threshold for each disparity direction (usually less than 200 trials). The final thresholds used in the analysis were obtained only after the subjects had had sufficient practice at the task to reach a stable threshold value. For each pedestal disparity, the data points represent the average across at least two runs, of the crossed and uncrossed disparity thresholds, and weighted by the inverse variance for each threshold determination. The error bars represent _+ 1 SE reflecting the larger of the within run and between run variance (Klein, 1992) .
To obtain an objective estimate of a point on the horopter, the increment depth discrimination data were fit, simultaneously, for both crossed and uncrossed pedestal disparities, with two lines on logarithmic-linear axes (i.e. two exponential functions) of the form:
where Th is the increment depth discrimination threshold, Pe is the pedestal disparity, K2 and K 3 are the slopes of the two exponential functions, and K0 and K~ the pedestal disparity and stereo-threshold respectively, where the two lines intercept. The fitting procedure effectively found the two best-fitting (based on a criterion of minimum Z 2) exponential functions (straight lines on logarithmic-linear axes) for each data set, while simultaneously minimizing the intercept of the two lines to obtain optimal values for stereo-threshold as a function of pedestal disparity. In essence, the procedure determined a four-parameter, double-exponential fit to the data (the two slopes and the x and y minimum values). Increment depth discrimination data are well described by a single exponential function (Ogle, 1953; Blakemore, 1970; Siderov & Harwerth, 1993b) and we have successfully fit these type of data with these functions in other studies (Siderov & Harwerth, 1993a, b) . IGOR TM (Wavemetrics, Lake Oswego, Ore.) was used for most of the fitting routines and, where appropriate, the data were analyzed using the SAS TM statistical package, v. 5 (SAS Institute, Cary, N.C.).
Subjects
Two subjects participated in the experiments (SM and LB), both naive as to the purpose of the study. Both subjects had excellent clinical stereopsis (20 sec arc at 40 cm, tested with the Randot Stereo Test), visual acuity of at least 20/20 (in each eye), heterophoria within normal limits, and no detectable ocular pathology. Approval of the experimental protocol for this research was obtained from the University of Houston Committee for the Protection of Human Subjects. Informed consent was obtained from the subjects after the procedures had been fully explained.
Prior to the stereopsis experiments, contrast detection thresholds were obtained, binocularly, for each DOG stimulus at each retinal eccentricity tested. The procedure was similar to that used to measure stereothresholds except that only the test stimulus was used and contrast rather than disparity was varied. The test stimulus was always positioned as it would appear in the stereopsis experiments. The contrast of the DOG stimuli used in the stereopsis experiments was 5 times the contrast detection threshold (except as noted-- Table 1 ).
RESULTS
The increment threshold depth discrimination data obtained for each subject are shown in Figs 2 and 3 for each spatial frequency and retinal eccentricity. In each panel, stereo-threshold (min arc) is plotted against pedestal disparity (min arc) on logarithmic-linear axes, for one eccentricity and each of the spatial frequency conditions. The solid, dotted, short-dashed, long-dashed and dot-dashed lines represent the exponential fits to the data as described in Methods for DOG stimuli with peak spatial frequencies of 8.0 (O), 4.0 (I), 2.0 ([7), 1.0 (A) and 0.5 (A) c/deg respectively. As mentioned in the Methods, only the 8.0, 2.0 and 0.5 c/deg DOG stimuli were used under all experimental conditions. The results of the fits to the data (slopes of the lines and the x and y co-ordinates of the point of intersection) are shown in Table 2 . Increment depth discrimination thresholds increased symmetrically as a function of crossed (convergent) and uncrossed (divergent) pedestal disparities, regardless of the spatial frequency and retinal eccentricity. The slopes of the fits to the increment depth discrimination data appear approximately equal across spatial frequency and retinal eccentricity, although some flattening in the slope of these lines is evident with the lowest spatial frequency DOG (0.5 c/deg) for the foveal and 2.5deg eccentricity conditions. However, statistical analysis of the slope data, using a repeated measures ANOVA design and applying the Geiser-Greenhouse correction (Keppel, 1982) , revealed no effect of spatial frequency on the slopes (P > 0.05) and no effect of eccentricity (P >0.1) (nor were there any significant interaction effects).
The stereo-thresholds corresponding to the intercepts of the exponential lines in Figs 2 and 3 (Table 2) represent points on the horopter for each subject under each condition. These data, for each subject, are shown plotted in Fig. 4 on logarithmic-logarithmic axes, as a function of spatial frequency, for foveal ([7), 2.5 (A), 5.0 (O) and 10.0 (O) deg eccentricities. Results are shown for subject LB (top) subject SM (bottom). The familiar decrease in stereo-threshold with increasing spatial frequency (up to about 2-4 c/deg) (Schor & Wood, 1983; Legge & Gu, 1989 ) is observed for the foveal viewing condition but becomes less apparent as retinal eccentricity is increased. In Fig. 5 the same stereo-threshold data are now plotted against retinal eccentricity, on A convenient way in which to represent the change in threshold as a function of eccentricity is to determine the E2 for that particular measurement. The E2 value represents the eccentricity at which the threshold is double that at the fovea and has been estimated for a number of different visual tasks including stereopsis (Levi et al., 1985) . The data in Fig. 5 were averaged across the two subjects and normalized for each spatial frequency condition, by taking the ratio of the peripheral stereothreshold to the foveal threshold. These data were then plotted as a function of retinal eccentricity (Fig. 6) . The symbols represent the same spatial frequency conditions as depicted in Fig. 5 axes) are the best fitting linear functions (weighted by the inverse of the variance) for the data at each spatialfrequency condition and also follow the same format as in Fig. 5 . When the data are plotted in the manner shown in Fig. 6 , E2 is simply the x-intercept of the straight lines fitted to the data (Levi et al., 1985) . The E2 for each condition and the slopes of each line are listed in Table 3 . For comparison, data from the Fendick and Westheimer (1983) and Blakemore (1970) studies were treated in the same way and the results are also shown in Table 3 . A significant increase (greater than 10-fold) in E2 occurs as the peak spatial frequency of the stereoscopic stimuli decreases from 8.0 to 0.5 c/deg, which is reflected in the relatively constant stereo-threshold obtained with the 0.5 c/deg DOG stimuli across eccentricity (Fig. 5) . The averaged E2 value obtained with the 8.0 c/deg DOG stimulus is closest to the E2 values from the Fendick and Westheimer (1983) and Blakemore (1970) studies although still somewhat higher.
DISCUSSION
The increase in stereo-thresholds with distance from the horopter (Blakemore, 1970; and with retinal eccentricity (Blakemore, 1970 ; Westheimer & Truong, 1988) was confirmed. The slopes for the increment depth discrimination functions did not differ across retinal eccentricity, nor were they influenced by the spatial frequency composition of the stimuli. A new finding of this study is that the increase in stereothreshold with retinal eccentricity is dependent on the spatial frequency composition of the stimuli. In contrast to the results of Blakemore (1970) , the slopes of the increment depth discrimination functions remained the same across retinal eccentricity (Table 2) . Blakemore (1970) argued that a shallower slope for non-foveal eccentricities suggested differences in stereo- Fendick and Westheimer (1983) for subject (MF). tData from Blakemore (1970) , averaged across two subjects (TO and AB). .~These E 2 values and slopes are actually indeterminate, i.e. the fitted straight line had a slope approaching zero making an accurate determination of the intercept with the abscissa almost impossible.
scopic depth processing between the region directly in front or behind the fixation point, which is represented monocularly in each hemisphere of the brain (assuming a strict partial decussation of the visual pathways), and the regions outside this area which are represented in both hemispheres. The results of the present study do not support such an interpretation (see also Krekling, 1974; Bishop, 1987) . Our data taken at the fovea are in agreement with the data of Badcock and Schor (1985) for the same range of spatial frequencies (0.5-8.0 c/deg) and pedestal disparities (up to about 20 rain arc) and show that the slopes of the increment depth discrimination functions for the different DOG stimuli are independent of the spatial frequency composition of the stimuli. We find the same result for increment depth discrimination measurements taken at eccentricities up to 10 deg in the periphery. That is, the shape of the increment depth discrimination curve as a function of eccentricity is the same, irrespective of the spatial frequency composition of the stimuli used which suggests that the mechanism(s) involved in detecting changes in disparity act similarly, independent of the spatial frequency composition of the stimuli, at least for the range of disparities and spatial frequencies measured.
Stereoscopic depth discrimination thresholds for DOG stimuli comprised of low spatial frequencies (0.5 c/deg) were relatively constant as far as 10.0 deg in the periphery, while those for DOG stimuli comprised of higher spatial frequencies (2.0 and 8.0 c/deg) showed a progressive increase, indicated by an upward shift in the increment threshold depth discrimination functions (Figs 1 and 2 and Table 2 ). Schor and Badcock (1985) did not report an effect of retinal eccentricity on their measurements of stereopsis irrespective of whether high or low spatial frequency DOG stimuli were used. However, they used a limited range of retinal eccentricities (up to 40 min arc) which was probably not large enough to show an effect with their high spatial frequency stimuli, considering that our results taken at 2.5 deg in the periphery with 8.0 c/deg DOG stimuli were only just worse than our foveal data with the same stimuli ( Table 2 ).
Given that the stimulus parameters we used were optimised to produce the lowest stereo-thresholds at each retinal location and the contrasts of the stimuli were equated at 5 times the detection threshold (which, apart from the 8.0c/deg stimuli, was true) we interpret our results in the following way. Our results obtained using the 0.5 c/deg DOG stimuli are consistent with the view that similar, low spatial frequency selective spatial mechanisms exist across the periphery, at least to 10.0deg. The results obtained using the 2.0 and 8.0 c/deg stimuli we interpret in either one of two ways. Firstly, the number of high spatial frequency mechanisms may have progressively decreased as a function of retinal eccentricity, so that, although the DOG stimuli were adjusted to maintain equivalent visibility at each retinal location (recall that this was not possible for the 8.0 c/deg DOG stimuli), they would have been seen by fewer higher spatial frequency mechanisms in the periphery compared to the fovea, causing a loss in precision specifying the location of the stimulus in the periphery. Consequently, the precision with which the depth signal was extrapolated may also have been weakened, resulting in an increase in the stereo-threshold. Alternatively, detection of the higher spatial frequency stimuli may have been performed by a lower spatial frequency selective mechanism, and not the optimal one. In view of the relatively low contrast of the stimuli (5 times the detection threshold), the mechanism detecting the stereoscopic stimulus would not be stimulated very well, thereby increasing stereo-thresholds as a function of retinal eccentricity.
The E2 values calculated from the stereo-threshold data shown in Table 2 were higher than E2 s for stereopsis reported by Levi et al. (1985) and higher than E2s calculated for data from Blakemore (1970) . In fact, the E2 calculated for the 8.0 c/deg DOG stimuli is probably an underestimation (i.e. too low) because as previously mentioned, the contrast of these stimuli at 5.0 and 10.0 deg was insufficient to keep them at 5 times above their contrast detection threshold (i.e. maintain the same relative visibility). Therefore, assuming that the contrast-response function for stereopsis is similar in the periphery as it is in the fovea (to our knowledge no study has addressed the effects of contrast on stereopsis in the periphery), these peripheral stereo-thresholds are not strictly comparable to the more central ones. Nevertheless, and irrespective of whether the E2 calculated for the 8.0 c/deg stereoscopic stimuli is comparable to previous estimates of E2 for stereopsis, the results of the present study show, beyond doubt, that the Ez for stereopsis increases as a function of decreasing spatial frequency composition of the stereoscopic stimuli.
In conclusion, the results of this study have shown that stereo-thresholds vary with both retinal eccentricity and the spatial frequency of the stimuli. Low spatial frequency stereoscopic stimuli have higher stereothresholds in central vision that fall off more slowly with retinal eccentricity than stereo-thresholds obtained with high spatial frequency stereoscopic stimuli, suggesting that stereoscopic depth perception across the retina is dependent on the size of the underlying disparity coding mechanisms as originally proposed by Marr and Poggio (1979) .
